ATP-dependent chromatin remodeling enzymes, such as SWI/SNF, hydrolyze thousands of ATPs to regulate gene expression on chromatin fibers. Recent mechanistic studies suggest that these enzymes generate localized changes in DNA topology that drive formation of multiple, remodeled nucleosomal states.
In the case of SWI/SNF-like enzymes, 'chromatin remodeling' refers to numerous in vitro ATP-dependent changes in a chromatin substrate, including disruption of histone-DNA contacts within mononucleosomes, movement of histone octamers in cis and in trans, loss of negative supercoils from circular minichromosomes, and increased accessibility of nucleosomal DNA to transcription factors and restriction endonucleases (reviewed in [2] ). How can these enzymes catalyze such changes in chromatin structure? Early models for ATP-dependent remodeling focused on changes in the histone component of the nucleosome. For instance, SWI/SNF-like enzymes were initially proposed to use the energy of ATP hydrolysis to drive removal of one or both of the histone H2A-H2B dimers, resulting in DNA wrapped onto only a tetramer of histones H3 and H4 [3] . Later, Hayes and Kingston [4] proposed that the dimers might not be lost, but dramatically rearranged, generating a novel nucleosome conformation. This type of model seems less likely, however, as recent studies [5, 6] have shown that various types of histone-histone crosslinking do not block ATP-dependent remodeling, and a sensitive fluorescence assay was unable to detect even subtle changes in the histone octamer during the remodeling process.
There is now increasing evidence that ATPdependent remodeling involves changes in the topology of nucleosomal DNA. In an insightful set of experiments, Owen-Hughes and colleagues [7] used a novel cruciform extrusion assay to demonstrate that remodeling enzymes use ATP hydrolysis to introduce superhelical torsion into either DNA or chromatin. Surprisingly, even a recombinant ATPase subunit, such as Brg1 -the catalytic subunit of human SWI/SNF -can generate negative superhelical stress, suggesting that this reaction may be the primary biomechanical activity of ATP-dependent remodeling enzymes. In support of this view, the remodeling activity of yeast SWI/SNF can be blocked by constraining DNA topology within a tiny, circular minichromosome [8] . How ATP-dependent remodeling enzymes generate superhelical torsion is not known, but current models propose the involvement of DNA tracking activity [7] , rotation of DNA [6] or the generation of small DNA loops [9] (Figure 1) .
Although these studies suggest that introduction of topological stress is a key component of ATP-dependent remodeling, it is unclear how torsion could be used to disrupt nucleosome structure or what kind(s) of remodeled nucleosome structure is generated. Recently, Kingston and colleagues [10] tackled these issues using an old-fashioned biochemical approach -determine the steady-state kinetic parameters for a nucleosome remodeling reaction and then use this information as a framework to derive a mechanistic model. In this study, recombinant Brg1 was used as the remodeling enzyme and a restriction enzyme accessibility assay was used to quantify the remodeling of a mononucleosome substrate. Two (of many) kinetic parameters determined in this analysis were the k cat for mononucleosome remodeling (0.1 min -1 ) and the k cat for ATP hydrolysis (100 min -1 ). This means that Brg1 needs to hydrolyze ~1,000 ATPs to expose a single PstI site near the center of the nucleosome! In contrast, the calculated energetic cost to peeling all the DNA off the histone octamer could be paid for by the hydrolysis of only a few ATPs [11, 12] .
Are these enzymes really this inefficient or is the reaction more complicated? One possibility is that the remodeling enzyme does not generate a single, remodeled structure (Figure 1) , but instead creates a multitude of different remodeled nucleosomes of which only a subset have an accessible PstI site (Figure 2) . In this case, multiple rounds of ATP hydrolysis would be required to drive all the remodeled nucleosomes through the PstI-accessible conformation. While Kingston and colleagues [10] performed numerous tests of this model, one was particularly informative: adding the restriction enzyme after the remodeling reaction was completed. If Brg1 does need to hydrolyze 1,000 ATPs to generate a single structure, then all the PstI sites will be exposed after a long incubation with Brg1. In contrast, if multiple remodeled species are continually formed and interconverted, only a few PstI sites will be exposed at any one time. PstI digestion in this type of experiment will thus provide a snapshot of the distribution of different remodeled species present at any given time. As predicted by the more complicated model, only ~20% of the PstI sites were found to be accessible in this type of experiment. Furthermore, restriction sites located at different positions on the nucleosome were exposed at different rates, also consistent with the formation of multiple, distinct species. In fact, estimates from Dnase I studies indicate that Brg1 is really not such an inefficient enzyme -it only takes around 50-100 ATPs to generate this remodeled distribution.
What are these multiple remodeled species? Surprisingly, Brg1 was much more effective at driving the exposure of restriction sites located at the center of the nucleosome, compared to sites located at the nucleosomal edge [ 
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Step 1 Brg1, however, the ISWI ATPase is also able to introduce superhelical stress into chromatin [7] , and thus it seems likely that this activity plays a central role in nucleosome mobilization. Perhaps the only difference between ISWI-like and SWI/SNF-like enzymes is how they interact with a nucleosomal substrate. Consistent with this view, SWI/SNF-like enzymes can bind to both wraps of nucleosomal DNA, whereas ISWI only interacts with a nucleosomal edge [9, 15] . In addition, ISWI is distinct from SWI/SNF-like enzymes in that its ATPase activity requires intact histone amino-terminal tail domains [16, 17] . Thus, how the remodeling enzyme 'holds on' to either histone or DNA may be the key for guiding the application of superhelical torsion, and therefore key to controlling whether the stress is relieved as a distribution of bulges or as octamer movements. The development of kinetic and thermodynamic frameworks for additional remodeling reactions -such as those catalyzed by ISWI -may be necessary for testing such a universal model for ATPdependent chromatin remodeling.
